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Abstract 
We prepared a heterogeneous SiO2-B2O3-Na2O-Al2O3-CaO-La2O3 glass containing 11.76 wt.% AmO2. The composition of 
this heterogeneous material was determined from that of non-active glasses in which Am was fully substituted by Nd. For 
trivalent ion concentrations above the solubility limit, crystal formation occurred in the form of apatite-like silicates, this in 
both active and non-active glasses. Additions of Am+3 and Nd3+ led to depolymerization of the silicate network which is 
consistent with the modifier role expected from these cations. Thus, we can compare the incorporation mechanisms of 
neodymium and americium in the glassy network and within the apatite-like crystalline phases. 
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1. Introduction 
The French nuclear waste management strategy is directed towards immobilization of fission products and 
minor actinides at the industrial scale in alumino-borosilicate glass matrices [1]. For this purpose, and after 
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reprocessing of nuclear spent fuel, the actinides and fission products solution are immobilized in the reference 
‘R7/T7’ glass matrix. In this glass, minor-actinides (MA) and lanthanides (Ln) account for up to 0.4 wt.% and 4 
wt.% of the waste load, respectively. These concentrations remain below their respective solubility limit in glass. 
However, different scenarios under consideration (increase in the burn-up of UO2 fuel, higher waste load and 
changes in the isotopic composition of the waste solution) put forward possible increases in the minor actinide 
and lanthanide content [2-4]. Consequently, the need arises for better understanding of the solubility of minor-
actinides and lanthanides at high concentrations in various glass matrices. 
Taking into account the previous elements, this work considers the combination of multiple species in high 
level waste (HLW) glasses. Because several lanthanides and minor-actinides are present in the HLW glass 
formulation, competition may exist between these elements, which in turn could affect the composition and 
structure of phases formed above the solubility limit. In order to investigate these aspects, the synthesis of a 
heterogeneous material is necessary. In this study, the main objectives are to (i) prepare a HLW borosilicate glass 
containing MA and Ln above the solubility limit and (ii) identify the crystal phases formed above the solubility 
limit.  
For this purpose, active and non-active glasses were prepared in the SiO2-B2O3-Na2O-Al2O3-CaO system. In 
the radioactive glass, trivalent MA and Ln were simulated by lanthanum and americium, each cation in this 
combination is thought to be representative of their respective family of elements. In a similar manner, non-active 
glasses were prepared with a combination of trivalent lanthanides: lanthanum and neodymium. Here, neodymium 
acts as a minor-actinide surrogate. In the molten batch and crystalline phases, Am and Nd cations present an 
identical oxidation degree (+III) and have very similar ionic radii [4-6]. The solubility limit in non-active SiO2-
B2O3-Na2O-Al2O3-CaO glasses was determined using Nd and La and used to select a heterogeneous active glass 
formulation containing Am and La. By this mean, both active and non-active glasses can be compared and the 
extent of the validity of americium simulation by neodymium assessed. 
2.  Materials and methods 
A first series of non-radioactive glass formulations were synthesized in the SiO2-B2O3-Na2O-Al2O3-CaO 
system with increasing Nd2O3+La2O3 content and with La/(La+Nd) = 0.5. The results from this series were used 
to prepare a radioactive sample in the hot cell environment (although the compositions are shown in mass 
percent, conversion from non-active to active systems was made on a molar basis). This sample was batched with 
13.67 wt.% AmO2 and 8.16 wt.% La2O3, so that the AmO2+La2O3 sum reaches 21.83 wt.% and the La/(La+Am) 
value, at 0.5, was identical to that of the Nd-La series. 
Melting took place in cylindrical Pt crucibles under constant argon flow in a graphite element furnace at 
1200ºC for 5.5 h then the furnace was cooled down to room temperature at 350°C.h-1. The synthesis process used 
in the hot cell imposes these conditions. After melting, both of glasses (radioactive and non-radioactive) were 
characterized. The exact americium content was determined by calorimetry from the thermal output of the 
cylindrical sample (SETARAM C80D calorimeter). The experimental AmO2 content was extracted considering a 
thermal output of 0.11 mW per g of 241Am. Mirror polished surfaces of radioactive and non-radioactive samples 
were used for acquisition of Raman spectra (DILOR LabRam, 532 nm) and scanning electron microscopy (JEOL 
6300 coupled with a EDS probe). 
3. Results and discussion 
The solubility limit in the simulated Nd-La system for materials cooled from 1200ºC to room temperature at 
350ºC.h-1 is located above 12.5 wt.% and below 15 wt.% Nd2O3+La2O3. It corresponds to the appearance of rare-
earth apatite-like silicates Ca2RE8(SiO4)6O2 (RE: rare-earth) in the glass. From these results, and following 
extensive structural and microstructural characterizations [7], a radioactive glass with 13.67 wt.% AmO2 and 8.16 
556   Abdessamad Kidari et al. /  Procedia Chemistry  7 ( 2012 )  554 – 558 
 
wt.% La2O3 was prepared, . This material: (i) had to be prepared above the solubility limit of the Nd-La non-
active system in order to be heterogeneous and (ii) contain sufficient crystalline phases so that subsequent 
characterizations are more convenient. It must be noted that the solubility limit in the non-active system allows us 
to design a heterogeneous Am-La active material and, unless additional active glasses are synthesized, can only 
give an estimate of the solubility limit in the Am-La system. 
The composition for the sample batched with AmO2 and La2O3 is shown in Table 1 along with that of the non-
radioactive glasses (Nd2O3 + La2O3). It must be noted that the non-radioactive counterpart of the Am-La glass 
(on a molar basis) is the one with 17.5 wt.% La2O3 and Nd2O3, Nd-La 17.5% in Table 1.  
Table 1. Theoretical composition for the radioactive glass batched with AmO2 and La2O3 along with that of the non-active 
glasses prepared with Nd2O3 and La2O3. 
 Simplified HLW glass compositions in wt.% 
  Homogeneity 
 SiO2 B2O3 Na2O Al2O3 CaO La2O3 AmO2  Nd2O3 
Am-La*  44.70  9.33  13.13  6.69  6.05  8.34 11.76  --  Crystalline 
Nd-La 0%  55.95  11.68  16.43  8.37  7.57  --  --  --  Amorphous 
Nd-La 10%  50.50  10.51  14.79  7.54  6.81  4.92  --  5.08  Amorphous 
Nd-La 12.5%  48.95  10.22  14.38  7.33  6.62  6.15  --  6.35  Amorphous 
Nd-La 15%  47.55  9.93  13.97  7.12  6.43  7.38  --  7.62  Crystalline 
Nd-La 17.5%*  46.16  9.64  13.56  6.91  6.24  8.61  --  8.89  Crystalline 
Nd-La 20%  44.76  9.34  13.15  6.70  6.05  9.84  --  10.16  Crystalline 
*Molar composition of Am-La and Nd-La glass formulations is identical 
 
Calorimetric analyses of the active sample (3 averaged measurements) yield a thermal output of 30.7±0.3 mW, 
which corresponds to 11.76 % AmO2 in weight. This value is below that of the batch and the difference could 
originate from losses occurring during the mixing procedure and from retention of the melt on the inner wall of 
the Pt crucible. The composition of the active glass was corrected according to the experimental AmO2 content 
and is shown in Table 1 along with that of the Nd-La glasses. 
 
 
Fig. 1. SEM micrographs in (BSE) showing even distribution of apatite-like crystals in the Am sample: a)x150 and b)x500. In c), the EDS 
spectra of the crystals (filled curve) and the glass matrix are compared. 
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Scanning electron microscopy (SEM, Fig 1.a and b) shows homogeneous distribution of crystallinity within 
the bulk. SEM back scattered electron imaging mode did not reveal changes in the contrast that may be attributed 
to fluctuations in the composition of the amorphous glass matrix. Both morphology and distribution of the 
crystals seen in the Am-La sample resemble that of rare-earth containing apatite-like phases Ca2RE8(SiO4)6O2 
(RE: rare-earth) found in heterogeneous materials prepared with La2O3 and Nd2O3. Furthermore, qualitative 
chemical analysis of the crystals by EDS (Fig 1.c) indicates presence of Am, Ca, La and Si, this elemental 
distribution resembles that of apatite-like phases. Similar observations were made in the La-Nd system, Ca2Nd(8-
x)Lax(SiO4)6O2 (0x8) crystals formed above the solubility limit showed complete solid solution and included 
both La and Nd in their structure [7]. 
Fig 2.a presents a typical Raman trace from the crystalline regions of the radioactive glass. It is compared with 
a standard Ca2La4Nd4(SiO4)6O2 ceramic and confirms the nature of these crystals. The position of the main peak 
at about 852 cm-1, associated with orthosilicate units in the apatite structure [8], remains constant throughout the 
sample. This shows that the average cation environment around these units is stable and may indicate that the 
crystals composition does not vary throughout the sample. Finally, although qualitative, structural probing of the 
amorphous glass matrix (shown in Fig 2.b with a single spectrum for clarity) denotes the dominant silicate 
character of the glass network as indicates the 850-1250 cm-1 band for SiO4 units with various connectivities [9]. 
Multiple acquisitions did not reveal fluctuations in the composition and comparison with a blank glass (Nd-La 
0% in Table I) at identical cations ratio showed a shift in the main band position. Such displacement towards 
lower frequencies is associated with the depolymerization of the silicate network (decrease in the connectivity of 
SiO4 units) and presence of La and Am in the environment of SiO4 tetrahedra [9-10]. 
 
 
Fig. 2. Raman spectra collected from the La-Am sample: a) apatite-like crystals and b) residual glass matrix. The spectra are compared to a 
standard Ca2La4Nd4(SiO4)6O2 ceramic and blank SiO2-B2O3-Na2O-Al2O3-Al2O3-CaO glass (dashed lines). 
4.  Conclusion 
Synthesis under the hot cell conditions of a heterogeneous SiO2-B2O3-Na2O-Al2O3-CaO glass containing 
11.76 wt.% AmO2 and 8.34 wt% La2O3 was successful. Above the solubility limit, apatite-like crystal phases 
form in both Am-La and Nd-La glasses. It was shown that americium substitutes for lanthanum in these crystals 
leading to formation of the Ca2La8-xAmx(SiO4)6O2 (0x8) solid solution and identical behavior was highlighted 
in a previous study using neodymium and lanthanum. However, the exact value for the elemental ratio 
La/(La+Am) in the crystals is still under investigation. Raman spectra indicate that the changes affecting the 
glass matrix correspond to a depolymerization of the silicate network. In addition to partial EDS analyses, these 
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Raman results show that americium was incorporated in the glass network in a modifier role, this in a similar 
manner to lanthanum and neodymium. Current experiments focus on exact determination of the composition of 
the apatite-like crystal phases and the synthesis of amorphous materials containing both AmO2 and La2O3. 
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